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Generation of Pi2 pulsations by intermittent earthward propagating
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[1] Using a global magnetohydrodynamic (MHD) simulation of the magnetosphere
during a disturbed interval on 14 September 2004, we have investigated fluctuations in
plasma properties of the magnetotail in the Pi2 range and their relationship to
dipolarization fronts (DFs). Results from the MHD simulation indicate that this event is a
very active interval with variable convection and disorder in the tail on a range of scales
as small as ~1 Rg. DFs are observed in the simulation at the leading edge of fast
earthward flows that originate from reconnection regions that form between ~ —15 and
—30 Rg, in the tail. Pi2 period fluctuations are identified in pressure, magnetic field, and
velocity components inside —13 R following each burst of DFs in the midnight sector.
The fluctuations observed in the pressure appear to be generated by the successive DFs as
they approach the interface between stretched tail field lines and dipolar field lines.
Fluctuations in the velocity may be the result of interactions between successive DFs and
are amplified directly following the passage of the DFs as they propagate earthward.
Although the limited azimuthal extent of the pulsations near the plasma sheet, just inside
of the braking region, makes it difficult to draw a direct comparison between the
ground-based measurements and the pulsations at —6 R, the temporal evolution of the
simulated DFs and Pi2 pulsations approximately reproduces the timing of the variations
observed by satellites and ground-based instruments. Therefore, we have been able to use
the global simulation to track the bursty flows, dipolarization fronts, and associated Pi2
period fluctuations throughout the entire magnetosphere in order to understand the
sources of the changes measured in the near-Earth region.
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1. Introduction

[2] The processes that occur in Earth’s magnetotail dur-
ing the period leading up to substorm onset are not fully
understood. One of the methods used to identify the time of
substorm onset is to identify the time when Pi2 pulsations
begin in ground-based magnetometer records at midlatitudes
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[e.g., Saito et al., 1976; Sakurai and Saito, 1976; Olson,
1999; Miyashita et al., 2000; Kepko et al., 2004; Hsu and
McPherron, 2007; Kim et al., 2007; Keiling et al., 2008].
Pi2 pulsations are ultralow frequency waves (7' = 40-150 s)
that come in packets at irregular intervals. Pulsations in
the same band of frequencies have been observed in mag-
netic field and velocity measurements at geosynchronous
orbit in conjunction with dipolarization fronts [e.g., Kepko
and Kivelson, 1999]. Well-correlated measurements of the
phenomena have led to several theories concerning the gen-
eration of Pi2 pulsations by DFs [e.g., Kepko and Kivelson,
1999; Kepko et al., 2001; Panov et al., 2010; Keiling et al.,
2008; Murphy et al., 2011]. Recently, Hsu et al. [2012] used
a statistical study to show that 90% of plasma flows in the tail
are associated with Pi2’s, indicating that either the plasma
flows generate the Pi2 pulsations, or that the flows and Pi2s
are generated by the same process. Because midlatitude Pi2
can be used to identify the onset time of a substorm, under-
standing how they are generated is vital to understanding the
series of events leading up to onset.

[3] Intermittent fast flows (|[¥| > 100 km/s), often referred
to as bursty bulk flows (BBFs), are observed frequently in
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the tail [e.g., Scholer et al., 1984; Angelopoulos et al., 1992,
1994] and have been linked to reconnection events at neutral
lines that form in the near-Earth region between —15 and —25
Ry [e.g., Pytte et al., 1976; Hones et al., 1984; Angelopoulos
et al., 2008; Nagai et al., 1998; Miyashita et al., 2009;
Gabrielse et al., 2009]. BBFs cause an increase in thermal
pressure, and a magnetic pileup and dipolarization in the
plasma sheet as they travel earthward. The leading edge of
the plasma sheet dipolarization is referred to as a dipolariza-
tion front (DF) and develops at the boundary between the
flowing plasma and the background plasma [Runov et al.,
2009, 2011]. DFs are observed as enhancements in B, that
occur over the course of a few seconds. They are typically
accompanied by a drop in B, and occur throughout the mag-
netotail from x = =5 to —31 Ry during disturbed periods
as observed by satellites and in simulations [e.g., Slavin
et al., 1997; Nakamura et al., 2009; Sitnov et al., 2009;
Ashour-Abdalla et al., 2011]. The dipolarization region
behind a DF is sometimes referred to as an entropy bub-
ble since it is associated with flux tubes that have decreased
entropy content [e.g., Pontius and Wolf, 1990; Chen and
Wolf, 1993; Sergeev et al., 1996; Chen and Wolf, 1999; Wolf
et al., 2009]. As the DFs encounter the region where the
magnetic field lines transition from a stretched to a dipolar
configuration, there is a pileup effect in the magnetic field
that causes an expansion of the region in both tailward and
azimuthal directions [Hesse and Birn, 1991]. This expansion
is often referred to as dipolarization associated expansion.
[4] Pi2 pulsations have been studied extensively for sev-
eral decades; however, the source of the Pi2 observed on
the ground is still a subject of debate [e.g., Olson, 1999;
Keiling and Takahashi, 2011, and references therein]. Kepko
et al. [2001] suggested that both the compression regions
and time variations in velocity associated with the brak-
ing of dipolarization fronts drive Pi2 pulsations. Based on
the different drivers, the authors divided Pi2 pulsations into
three distinct categories: Transient Response (TR), Inertial
Current (IC), and Directly Driven (DD). TR and IC Pi2
pulsations are associated with the substorm current wedge
[McPherron, 1972] and arise because of an impedance mis-
match between the ionosphere and magnetosphere as the
DFs propagate earthward [Southwood and Stuart, 1980] and
time variations in the flow velocity in the braking region,
respectively. Although both the TR and IC Pi2 are observed
at middle to high latitudes, they have slightly different sig-
natures on the ground. Specifically, TR Pi2 has a damped
sinusoidal form which continues after the driving flow has
stopped, and IC Pi2 has a relatively constant amplitude and
is only present while the flows are present. In addition, the
waveforms of the IC Pi2 match the flow variations in the
magnetotail while the TR Pi2 waveforms do not [Kepko and
Kivelson, 1999; Kepko et al., 2001]. DD Pi2 is caused by
flow variations in the radial direction due to the decelera-
tion of earthward flows in the high pressure region near the
inner edge of the plasma sheet where field lines change from
a stretched to a dipolar geometry. This generates a compres-
sional wave that travels earthward across the background
magnetic field [e.g., Russell and McPherron, 1973; Chang
and Lanzerotti, 1975] to generate middle to low-latitude
Pi2 observed on the ground. There are several theories
concerning how the compressional waves travel through
the inner magnetosphere/plasmasphere including surface
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Figure 1. Filtered By from the ground magnetometer in
Urumgqji, China. The station is located at 43.80° latitude and
87.70° longitude, (33.4° magnetic latitude). At the time of
substorm onset (1828 UT) the station is located at 0222

magnetic local time (MLT).

waves traveling along the plasmapause [e.g., Sutcliffe, 1975;
Southwood and Stuart, 1980] and cavity mode reso-
nances [e.g., Saito and Matsushita, 1968; Yeoman and Orr,
1989; Sutcliffe and Yumoto, 1991; Takahashi et al., 1992].
Thorough reviews of these theories for low-latitude Pi2 are
given by Olson [1999] and Keiling and Takahashi [2011].

[s]1 Recently, Panov et al. [2010] extended the Kepko
et al. [2001] interpretation suggesting that Pi2 pulsations are
generated by the overshoot and rebound of bursty bulk flows
(BBFs) at the braking region causing the compressional
wave to travel earthward. Murphy et al. [2011] proposed a
slightly different scenario where flow variations at the BBF
origin cause Alfvén-mode waves to propagate along field
lines and fast-mode waves to propagate earthward in the
plasma sheet ahead of the BBF. All three of the models
are closely related in that they suggest that variations in the
pressure and in velocity associated with the earthward prop-
agation of dipolarization fronts generate the Pi2 pulsations
measured by ground-based magnetometers.

[6] Using a global MHD simulation of a substorm event,
we are able to identify the variations in the magnetic field,
pressure, and velocity to determine where they originate and
how they evolve as they propagate earthward. We investigate
the relationship between these variations and the passage of
dipolarization fronts throughout the system. The discussion
in this paper is limited to IC and DD Pi2 with a focus on
identifying the Pi2 pulsations near geosynchronous orbit and
linking them to the Pi2 period fluctuations further out in the
magnetotail.

[7] The paper is organized as follows: In section 2, we
describe the satellite and ground-based observations from
14 September 2004. We describe the MHD simulation in
section 3 along with a comparison of the simulation results
with the satellite measurements. We discuss the identifi-
cation of the dipolarization fronts and Pi2 pulsations in
section 4 and show the relationship between these phenom-
ena and how our results are related to the models presented
in previous studies in section 5. We end with a summary of
our conclusions in section 6.

2. Observations

[8] The event we have selected for this study is a moder-
ate substorm on 14 September 2004 whose properties have
previously been reported on by Cao et al. [2008, 2012]
based on observations by Double Star, Cluster, Imager for
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Figure 2. The 1 min AL index during the substorm on 14
September 2004 (1630-1930 UT) from the OMNI database
(solar wind data provided by Space Physics Data Facility).
The solid vertical lines indicate Pi2 onset (~1822 UT) and
substorm onset (~1828 UT) as identified using ground-
based magnetometer data, 4L and IMAGE observations. The
dashed vertical lines indicate the times when bursts of DFs
are observed in the simulation.

Magnetopause-to-Aurora Global Exploration (IMAGE), and
ground-based magnetometers. Pi2 onset measured by the
Urumgi magnetometer (northwest China; 48 magnetic lati-
tude (MLAT)) occurs at ~1822 UT (first dashed line) shown
in Figure 1 [http://wdc.kugi.kyoto-u.ac.jp]. The instrument
observed a burst of Pi2 pulsations at ~1822—-1834 UT with
a smaller burst around 1845 UT. The period of the observed
Pi2s is ~60-90 s. The Norlisk (NOK) magnetometer in
Russia (MLAT 59.50) [Gjerloev, 2009, 2012] observed a
drop of ~700 nT in the northward component beginning
at 1821 UT and confirms the Pi2 timing (not shown). The
AL index [Davis and Sugiura, 1966] (Figure 2), however,
shows a period of steady moderate activity between 1715 UT
and 1820 UT followed by an expansion phase beginning at
~1828 UT; 6 min after Pi2 onset. At this time, the AL index
decreases sharply from —150, reaching a minimum of —857
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Figure 3. (a) Magnetic field measurements B, (black), B,
(red), and B, (blue) for Double Star (TC1) for the time period
14 September 2004 1500-2000 UT. Pi2 onset (1822 UT)
and substorm onset (1828 UT) are indicated by the dashed
gray lines. (b) B, (blue) and B, (red) during the interval
18151850 UT (indicated by the blue solid lines in
Figure 3a). The arrows indicate times of DFs.

at 1844 UT. The discrepancy between Pi2 onset and the AL
substorm onset could be due to the limited number of AL sta-
tions on the nightside during this event. Another possibility
is that the NOK and Urumgqi instruments detected a pseu-
dobreakup with the full substorm onset developing shortly
thereafter, as indicated by the AL index.

[o] Plasma sheet observations for this event are from
Double Star (TC1) located at (-10.2,—-1.6, 1.2) R GSM. The
data used in this study come from the Fluxgate Magnetome-
ter (FGM) [Carr et al., 2005] aboard the satellite. TCI is
located very close to the central plasma sheet (CPS) around
the time of substorm onset, which is the ideal position
to observe DFs propagating in the magnetotail. Figure 3a
shows the magnetic field measurements from TC1. There is
an interval from ~1755 to ~1825 UT when TCl is near the
edge of the plasma sheet. During this interval, B, increases
and B, decreases. It is possible that the plasma sheet became
very thin during this interval. Figure 3b expands the plots of
B, (blue) and B, (red) for the interval between the solid blue
lines (1815 to 1850 UT). Three DFs were observed by TC1
at ~1825, 1830, and 1844 UT, with the possibility of a fourth
DF at 1837 UT. The signatures are identified as sharp jumps
in B, with corresponding decreases in B, and are marked
with gray arrows in Figure 3b . TC1 also observed Pi2 pul-
sations beginning at ~1821 UT (Figure 4a), just before the
first DF was observed as shown in Figure 3, and ~1-2 min
before Pi2 onset on the ground. This suggests a relationship
between the two phenomena.

[10] We use Geotail, which was located just outside the
bow shock at ~(25, 17, —2) Rz GSM, as the solar wind
probe for this event [Frank et al., 1994; Kokubun et al.,
1994]. A small time shift (<2 min) was applied to propagate
the measurements to the bow shock. Geotail measurements
are shown in Figure 5. The panels show (Figure 5a) mag-
netic field B, (black), B, (blue), and B, (red); (Figure 5b)
vy; (Figure 5c¢) v, (black) and v, (red); (Figure 5d) den-
sity; and (Figure Se) ion temperature. There is a period
where the interplanetary magnetic field (IMF) is domi-
nated by B, between 1640 and 1730 UT. The IMF turns
slightly southward at ~1707 UT and B, becomes more neg-
ative at 1730 UT. A strong northward turning occurs at
~1830 UT, coincident with the beginning of the expansion
phase in AL.

[11] Satellite- and ground-based observations for this
event are discussed in detail by Cao et al. [2008]. The
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Figure 4. Filtered B for (a) TC1 and (b) simulation results
near the TC1 location. The times for Pi2 onset in the two
panels are offset by 5 min. The gray areas indicate times
when the Pi2 in the simulation correspond to the TCl1
measurements.
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Figure 5. Geotail solar wind measurements for 14
September 2004 1400-1930 UT used for input in the MHD
simulation. (a) Magnetic field B, (black), B, (blue), and B,
(red) (nT), (b) solar wind velocity vy, (c) solar wind veloc-
ity v, (black), v. (red) (km/s), (d) density (cm™), and (e) ion
temperature (°K). Dashed blue line indicates Pi2 onset and
solid blue line indicates substorm onset.

authors used the timing between observations of magnetic
dipolarization at TC1 and Cluster 4 (located outside of
the plasma sheet until ~1850 UT) along with multipoint
analysis techniques [Nakamura et al., 2005] to show that
dipolarization-related disturbances propagate tailward at a
speed of ~86 km/s. They also relate the tailward expan-
sion of the magnetic dipolarization to poleward expansion of
auroral bulges observed by the IMAGE spacecraft [Mende
et al., 2001]. Preonset auroral signatures for this event were
investigated in depth by Cao et al. [2012]. In this paper, the
authors discuss a double oval in the image data at 1720 UT
with poleward boundary intensifications beginning at ~1752
UT. They also point out auroral streamers in the IMAGE
satellite auroral data between ~1801 and ~1820 UT and
argue that these signatures are indicative of earthward flows
during the growth phase of the substorm. However, onset
for this event in the IMAGE auroral observations is not
clearly defined. There is a full auroral oval that formed
during an earlier substorm at ~1520 UT. Although there
was auroral brightening seen at the time of the Pi2 onset at
Urumgqi (1820-1822 UT), poleward expansion did not begin
until ~1826—-1829 UT. Substorm onset based on the IMAGE
observations could be placed at any time between 1820 and
1829 UT.

3. Simulation

[12] An MHD simulation was carried out with the Univer-
sity of California, Los Angeles (UCLA) global MHD code
to establish the magnetosphere’s response to the solar wind
conditions observed before and during the substorm event.
The UCLA global MHD code is a coupled magnetosphere-
ionosphere three-dimensional global MHD code based on
a one-fluid description of the interaction between the solar
wind and the magnetosphere. This code is discussed in detail
by Raeder et al. [1998] and El-Alaoui [2001], so we will
only give a brief description here. The simulation box is 20
to =300 Ry in x, and 55 to —55 Ry in y and z, GSM, and uses
a nonuniform Cartesian grid with the minimum grid spac-
ing set at 0.15 Rg. The code solves the normalized resistive
MHD equations on the grid. The electric field in the code
includes both convective and resistive terms £ = — x B+ 7],

where jqis the current, B is the magnetic field, E is the elec-
tric field, and 7 is the anomalous resistivity. This anomalous
resistivity is defined by

n=a* if /=68 0 otherwise

s lilA
| B| +e
where ;’ is the normalized current density, A is the grid spac-
ing, j is the local current, B is the local magnetic field, and
€ is used to avoid dividing by zero. The quantities o and
8 are set such that the resistivity is only nonzero in strong
current sheets.

[13] The inner boundary of the simulation is a spherical
shell placed at a radius of 2.7 Rg. This is where the MHD
variables are coupled to the ionosphere via the field-aligned
currents (FAC) using the ionospheric potential equation

V.T.V®=—jsin] (1)

where @ is the ionospheric potential as a function of
magnetic latitude and local time, X is the tensor of the
ionospheric conductance including Hall and Pedersen con-
ductance, j is the mapped FAC with the downward current
considered positive and corrected for flux tube convergence,
and [ is the inclination of the dipole field at the ionosphere
[Raeder et al., 1998]. The conductance distribution in the
model is determined by using solar EUV, as well as discrete
and diffuse precipitation, self-consistently with the MHD
model [Raeder et al., 1998, 2001; El-Alaoui et al., 2009].
Equation (1) is solved on the surface of a sphere with radius
1.015 Rg, an altitude of 110 km, then mapped along field
lines to the inner edge of the MHD model where it is used as
a boundary condition for the flows.

[14] The sunward outer boundary conditions are set to the
time-dependent solar wind conditions (magnetic field, veloc-
ity, density, and temperature) measured by Geotail during
the event (Figure 5). To prepare the solar wind data for input
into the simulation, Geotail magnetic field measurements for
14 September 2004 are rotated into a minimum variance
frame. The normal component of the magnetic field is then
set to a constant. The method outlined here is used to prop-
agate the solar wind parameters from Geotail to the inflow
boundary and keeps divergence of B equal to zero through-
out the simulation [El-Alaoui, 2001]. Open (i.e., zero normal
derivative) boundary conditions are applied to all other outer
boundaries. Output for this simulation was captured every
30 s between 1400 and 1927 UT.

4. Simulation Results

[15] In order to observe structures propagating along the
plasma sheet, it is useful to remove the spatial affects caused
by a curved or distorted plasma sheet in the simulation. For
this study, we defined the center of the plasma sheet by
using the position, where B, passes through zero. We com-
pared this surface with that of maximum thermal pressure,
which gives a good approximation for the central plasma
sheet (CPS) on the nightside [4shour-Abdalla et al., 2002],
and found good agreement everywhere except x > —7.5,
where the B, surface organized the simulation results bet-
ter. Figure 6 shows results from the simulation on the central
plasma sheet before (Figure 6a) and during (Figure 6b) the
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Figure 6. Simulation results in the central plasma sheet (a) before and (b) during the substorm. The
background color shows B, (-30-30 nT), the gray line contours show thermal pressure (0—4000 pPa, § P
between contours is 500 pPa), and the purple arrows show the velocity in the xy plane. The purple dots
indicate the location of TC1. The yellow box indicates an earthward propagating DF.

substorm. The background colors are B,, the purple arrows
are the velocity vectors, and the black contours are the ther-
mal pressure between 0 and 4000 pPa, dP = 500 pPa. The
neutral line is where B, is zero and is colored in green. The
TC1 location is indicated by the purple dot in the images.

[16] A movie of CPS dynamics from the simulation is
provided as supplementary information in the dynamic con-
tent for this paper. The movie frames use the same format
as Figure 6. Table 1 contains an overview of timing of key
events in the simulation along with satellite- and ground-
based observations.

[17] The simulation results at the maximum pressure sur-
face can be divided into distinct levels of activity during the

course of the event. Prior to 1655 UT, B, is positive and
there is very little activity in the CPS. During the interval
1655-1715 UT, the IMF is nearly eastward and there is some
activity in the plasma sheet with a few DFs that originate at
a distant neutral line and cease moving earthward at ~—10
Rp except in the dusk sector near 2200 MLT where they
reach ~7 Ry before being diverted. A strong tailward flow
channel develops during this period that originates at ~—10
Ry between 2200 and 2300 MLT at 1700 UT possibly due
to ionospheric line-tying and steep pressure gradients in the
region [Ashour-Abdalla et al., 2002; Walker et al., 2006]. A
few minutes later strong earthward flows are also observed
between 2200 and 2300 MLT, and a second tailward flow

Table 1. List of Times and Events in the Simulation Results and in Observations

Time (UT) Simulation Events Observations

1656-1715  Tailward flows begin to develop, Regions of AL fluctuates between —50 and —220 nT, PBI (1708—
minimum B, begin to develop near ~ —10 Rg 1710 UT), full auroral oval remains from a previous
(1705 UT) substorm in IMAGE auroral observations

1713-1750  Interval of moderate activity, patchy reconnection AL drops below —200 nT at 1713 UT and remains
in the dusk sector near x =—15 Ry generates DFs there until 1820 UT several PBIs and overall in-

crease in auroral activity

1728-1745  Burst of several DFs travel earthward to —8 Rg Interval of strong fluctuations in AL

1755-1815  The most active interval in the simulation (1755— A second interval of strong oscillations in AL, PBI
1824 UT), reconnection regions merge to stretch in IMAGE observations (1757-1810 UT)
across the entire tail, several DFs are generated
and travel earthward, reconnection regions at 20—

25 Ry, in the tail

1817-1824  DF is generated at ~ —18 Ry and travels earthward Pi2 onset at Urumgqi at 1822 UT, auroral brightening
across the TC1 location at the end of the active observed near midnight by IMAGE
interval

1825 Reconnection regions at 20-25 Ry weaken allowing Auroral brightening near midnight intensifies but
fast flows from a reconnection region near —35 Ry remains stationary
to enter the near-Earth region.

1827-1843  Final burst of DFs originating from 30 to 35 Rz enter ~ Substorm onset at 1828 UT, poleward expansion
the near-Earth region in the midnight to dawn of the auroral oval begins between 1827 and
sector and strong tailward flows are observed in 1829 UT
the dusk sector

1840-1847  Strong tailward flows divert earthward flows AL reaches a minimum at ~1845 UT and begins

toward the dawn sector and velocities in the near-
Earth region drop to low levels

to recover at ~1857 UT
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channel develops at ~0100 MLT. A region of negative
B. develops between the two flow channels at ~1705 UT
and appears to be associated with reconnection on closed
field lines. This process repeats itself with a third tailward
flow channel developing at ~0200 MLT and a new region
of minimum B, developing at ~1709 UT. By ~1715 UT,
the minimum B, regions have expanded to stretch between
~ —10 and —20 Ry beginning a period of patchy recon-
nection. Between 1715 UT and ~1755 UT, the patchy
reconnection moves tailward to ~-25 Rg.

[18] Beginning at 1755 UT, the neutral line stretches
across the entire tail but stays fixed at ~ —25 Ry (Figure 6a).
Several fast flows travel earthward from the neutral line but
this time is not identified with substorm onset because the
tail remains very active rather than going through the typical
expansion and recovery phases. At ~1805 UT, the neutral
line breaks up and a second interval of patchy reconnection
begins, centered between —25 and —30 Rg. During this time,
the magnetic field and pressure increase inside —15 Ry and
the fast flows are slowed and diverted further back in the tail.

[19] There is another group of fast flows, originating from
the reconnection regions at ~—25 R, beginning at 1816 UT.
The first, and strongest, DF of this group (indicated by the
yellow box in Figure 6b) agrees most closely with the first
DF observed by TC1 although the timing is off by ~5 min.
The DF penetrates in to ~—8 Ry at 1823 UT at the time of the
decrease in By observed at Norlisk and Pi2 onset observed
at Urumqi and then continues earthward to reach ~—6.5 Rg
at 1828 UT. The Pi2 pulsations observed near the inner edge
of the plasma sheet related to this DF are shown in Figure 4b
and agree well with the TC1 Pi2 observations (Figure 4a),
given a time shift of ~5 minutes. The gray intervals in the
plots indicated times when the Pi2 observed in the simu-
lation correspond to the observations. At ~1825 UT, some
of the islands of reconnection weaken and we begin to see
fast earthward flows from another reconnection region at
~-30 to —35 Rg. Based on both the simulation movie and
the AL index (Figure 2), the period 1715-1828 UT is a very
disturbed period. There are some similarities with steady
magnetospheric convection (SMC) events in that the ther-
mal pressure and B; build up in the inner magnetosphere
causing the flows to be diverted further and further out in
the tail over the course of the event [Kissinger et al., 2012].
However, this event did not satisfy the definition of an SMC
because the AL is not steady enough (J. Kissinger, personal
communication, 2012).

[20] There is a final burst of DFs beginning at ~1830 UT,
in agreement with substorm onset in the AL index shown
in Figure 2. A snapshot of the beginning of this burst of
DFs is shown in Figure 6b. Initially, the flows penetrate to
~—10 Rg but the pressure and magnetic field quickly build
up causing the flows to be slowed and diverted further back
in the tail. In the dusk sector (2200-2300 MLT) at ~1835
UT, we see a tailward flow develop which disrupts the earth-
ward flows. Between 1830 and 1845 UT, the increase in
B7 and pressure resulting from the preceding burst of DFs
cause the velocities in the region inside ~—30 Rg to drop to
very low values. After ~1850 UT, the flows subside and the
reconnection regions retreat tailward over most of the tail
(see Figure 6b). There is a region of strong tailward flows
after 1850 UT between 2100 and 2200 MLT. This may indi-
cate the beginning of a steady magnetospheric convection

(SMC) period (1852-2138 UT) (J. Kissinger, personal com-
munication, 2012).

[21] The timing of the sequence of events discussed above
corresponds relatively well with the AL index (Figure 2) dis-
cussed in section 2. Bursts of DFs in the simulation occur
at times indicated by the dashed blue lines in Figure 2 and
correspond to periods of fluctuations in AL. During the inter-
val 1713-1820 UT, the AL index shows a moderate level
of activity. This is reproduced in the simulation with the
interval of patchy reconnection from a neutral line which
stays relatively steady between —20 and —25 Rg. There is
a burst of DFs at approximately the correct time for sub-
storm onset with a duration similar to that of the expansion
phase (18301845 UT), and the activity in the plasma sheet
subsides during the recovery phase in the AL index. There
are several other DFs which propagate earthward as far as
~—8 Ry throughout the simulation; however, only two of the
DFs observed in the simulation are strong enough to disrupt
the braking region boundary. The first nudges the boundary
slightly at 1806 UT and corresponds to the first minimum
in the AL index. The second, observed just before Pi2 and
substorm onset, disrupts the boundary further, pushing it
earthward to ~—6.5 Rg.

[22] The sequence of events observed in the simulation
also agrees well with the preonset auroral signatures dis-
cussed by Cao et al. [2012]. Fast ecarthward flows are
observed in the simulation at 1802 and 1820 UT which
are coincident with auroral streamers observed in the
IMAGE data.

5. Analysis

[23] The first step to determine the relationship between
the Pi2 pulsations and the DFs in the simulation is to iden-
tify the signatures of the two phenomena. By looking at
the central plasma sheet in the simulation, we are able to
identify DFs which appear as earthward/tailward propagat-
ing enhancements in B, with 6B, > 6 nT. Several DFs
can be seen propagating earthward in the simulation after
1700 UT with the majority being confined within a few
hours of local midnight. The DFs with the largest §B, occur
between 2330 and 0115 MLT. Figure 7a shows simulation
results on the maximum pressure surface between 1818 and
1823 UT. The format is the same as Figure 6. The DF shown
in these images is coincident with the TC1 observations
and is confined to the region 0015-0115 MLT. The large
black arrows indicate the leading edge of the DF as it propa-
gates earthward. Figure 7b shows the regions outlined by the
yellow boxes at 1821 and 1822 UT. From these two images,
one can see the obvious flow reversal on either side of
the DF as well as a flow vortex that forms at the earth-
ward edge of the structure [El-Alaoui, 2001; Ashour-Abdalla
et al., 2002; Walker et al., 2006; El-Alaoui et al., 2009,
Ashour-Abdalla et al., 2009; El-Alaoui et al., 2010; Ge et al.,
2011; Birn et al., 2011]. The center of the vortex, indi-
cated by the yellow crosses, travels earthward ~1 Ry in the
minute between the two time steps. Throughout the simu-
lation interval, there are several BBFs that propagate with
their associated DFs from reconnection regions between —12
and —35 Rg. Each individual flow channel extends over many
Earth radii in z but extends across only 1-3 Rg in y in
GSM coordinates.
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Figure 7. (a) Simulation results on the maximum pressure surface at 2 min intervals during the passage
of a DF. The background color shows B, (-30-30 nT), the gray line contours show thermal pressure (0—
4000 pPa, § P between contours is 500 pPa), and the purple arrows show the velocity in the xy plane. The
DF is indicated by the large blue arrow in each panel. The purple dots indicate the location of TCI. (b)
The regions in the yellow boxes in the panels for 1821 and 1822 are expanded to show the flow vortex at
the leading edge of the DF. Yellow crosses indicate the center of the vortex.

[24] The signatures associated with the DFs in the
simulations are identified by averaging the simulated
velocity, magnetic field, and pressure at fixed radial dis-
tances from 3 to 50 Ry across a region of magnetic local
time (MLT) where the dipolarization fronts are present.
This allows us to see the effects that the DFs in a given
local time range have on the inner magnetosphere as they
travel earthward while averaging out the smaller scale
spatial fluctuations within the DFs themselves. Next we
take 10 min running averages and subtract them from the
measured values to look only at the perturbations in the
different components.

[25] As was stated before, most of the strongest DFs in
the simulation are observed in the region 2330-0115 MLT;
however, the strong DF observed at onset is located in the
region 0015-0115 MLT. Figures 8a and 8b show the central
plasma sheet at 1820 UT in the same format as the pan-
els in Figure 6. The grey lines in Figure 8a indicate 2330
and 0115 MLT, and the black lines in Figure 8b indicate
0015 and 0115 MLT. Figure 8c shows the perturbations on
the central plasma sheet in the average of B, between 2330
and 0115 MLT, and Figure 8d shows the perturbations in
B, between 0015 and 0115 MLT, plotted versus time and

radial distance from Earth in Rz. The earthward propagating
DFs can be seen in B, (Figures 8c and 8d) as sharp bound-
aries between negative (blue) and positive (red) contours.
The paths of the strongest, most coherent DFs identified in
Figures 8c and 8d have been traced (dashed black lines). The
line plots at Figures 8c and 8d (bottom) show 8B, at r = —6,
-8, —10, and —12 Ry filtered to Pi2 frequencies using a band-
pass filter. The blue arrows on the line plots indicate the
times when DFs were observed at the given radial distance in
the tail. The solid purple lines indicate Pi2 onset at Urumqi
(1822 UT) and substorm onset identified in AL (1828 UT).
Gray-highlighted intervals in Figure 8d are times when Pi2
frequency oscillations are found at and immediately after the
dipolarization front observed at onset. In Figure 8d, there are
bursts of fluctuations within the Pi2 range following each
of the DF observed at onset (highlighted in gray). Addi-
tional Pi2 period perturbations prior to onset and related to
DFs outside of the MLT region selected are indicated by
dashed boxes.

[26] In order to focus on the perturbations related to the
DF observed by TC1 at onset, we focus on the region
between 0015 and 0115 MLT. In addition, since TC1 was
near the edge of the plasma sheet during the time leading up
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(a) An image of the simulated CPS at 1820 UT in the same format as Figure 6 with the region

2330-0115 MLT indicated by the gray lines. (b) Same as Figure 8a but with the region 0015-0115 MLT
indicated by the black lines. (c) Perturbed variables in B, on the CPS averaged over the region 2330-0115
MLT plotted versus time in x and radial distance from Earth in y. The dashed lines identify the paths of
strong DFs. (bottom) Line plots of the perturbed variables at » =6, 8, 10, and 12 Rj. Vertical lines indicate
Pi2 and substorm onset. Blue arrows identify the passage of strong DFs. (d) Same as Figure 8c for the
region 0015-0115 MLT. Gray-highlighted intervals are times when the frequencies of the oscillations
related to the DF at onset are within the Pi2 range. Dashed boxes indicate Pi2 fluctuations related to DFs

outside the selected local time region.

to onset, we focus on the surface 1.5 R above the minimum
B, plane. Figure 9a shows the perturbations in the radial
component of the magnetic field on a plane 1.5 Rz above the
minimum B, plane. Ground-based observations, filtered to a
30 s time step to match the simulation results, are shown at
the bottom of the figure for comparison. The dashed black
lines have been copied from Figure 8d to show how the per-
turbations relate to the path of the DFs. Pi2 fluctuations are
observed at —6 R, highlighted in gray in the line plots, as
the DF at onset approaches and begins to disrupt the brak-
ing region. The onset of these perturbations is at 1819 UT, a
few minutes before Pi2 onset on the ground, and the fluctu-
ations continue for about 30 min which agrees well with the
duration of Pi2 in the Urumqi observations. Fluctuations are
also evident in the radial component of the magnetic field
at —6 Rg, during the SMC-like interval, that are related to
DFs just outside the selected MLT range (dashed gray boxes
in Figure 9a). The By component is interesting because
it shows the fluctuations that are propagating across the
magnetic field lines. These are the fluctuations that would be
observed at middle to low latitudes.

[27] Figure 9b shows that the fluctuations in &Py
(thermal pressure plus magnetic pressure) on a plane 1.5
R above the minimum B, plane are also coincident with
the passage of DFs through the region. Following the DF at
onset, there are fluctuations in the line plots from —12 to —6
Ry with a period of ~120-150 s (highlighted in gray).

[28] Figure 10 shows line plots of the perturbations in
the magnetic pressure (red), thermal pressure (green), and
total pressure (black) at the minimum B, plane and 1.5 Rg
above the plane at —6 (Figures 10a and 10b), —8 (Figures 10c
and 10d), and —10 (Figures 10e and 10f) Ry in the magne-
totail from 1745 to 1845 UT. The blue vertical lines indicate
the time the DF reached the given radial distance, and
the dashed black lines indicate Pi2 and substorm onset. In
general, the fluctuations in the magnetic and total pressures
1.5 Rg above minimum B, surface, near the edge of the
plasma sheet, are out of phase. On the minimum B, surface,
fluctuations are more often in phase suggesting a fast-mode
wave. The perturbations at the time of the DF crossing are
typically in antiphase suggesting a slow-mode wave. The
exception is at —6 Ry on the minimum B, surface where the
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Figure 9. Perturbed variables (a) B and (b) the perturbed total pressure 8Py, plotted in the same
format as Figure 8d. Ground magnetometer observations filtered to 30 s resolution have been included at

the bottom of the figure for comparison.

perturbations are in phase at the time of the DF. In the cen-
ter of the plasma sheet at —10 Ry (Figure 10e), the total and
magnetic pressures are only in phase for a short time begin-
ning at 1821 UT, just before Pi2 onset. Near the edge of the
plasma sheet at —10 Ry (Figure 10f), the fluctuations in the
magnetic pressure in Figure 10d very closely resemble the
Pi2 observed by TC1 beginning at 1822 UT (see Figure 4a).

[29] Figure 11 shows the perturbations in (Figure 11a)
the velocity parallel to the magnetic field (6v,), and
(Figure 11b) the velocity in the earthward direction (§v,) 1.5
Rp above the plasma sheet plotted in the same format as
Figure 8. The amplitude of the fluctuations observed in 6vy,
(Figure 11a) generally increase following the passage of a
DF, and perturbations are observed in to —6 Ry following
the DF at onset. Pi2 period fluctuations related to DFs out-
side the selected MLT region are observed at 17051730 UT
and 1745-1810 UT (dashed gray boxes). The first of these
intervals is associated with a strong minimum in B, at the
beginning of the disturbed period in the simulation. The sec-
ond interval occurs just before the first minimum in the AL
index discussed above. The interval related to the DF at
onset (highlighted in gray) occurs just before and during the
expansion phase of the substorm and may represent the pre-
cursor to the Pi2 observed on the ground at Urumqi. The
enhancement in §v,, tailward of the braking region, along
the path of the DF within the Pi2 range may be associated
with TR Pi2.

[30] The amplitude of the fluctuations in §v, (Figure 11b)
increase slightly before the DFs passage through the region.

However, we must remember that the fluctuations are over
a range in MLT from 0015 to 0115 UT. Because the flow
channels are so narrow (1-2 Rg) (see Figure 7), Figure 11a
shows the effects of the interaction between several
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Figure 10. Perturbations in the thermal pressure (green),
magnetic pressure (red), and total pressure (black) (pPa) at
-6, -8, and —10 Ry between 0015 and 0115 MLT. For each
radial distance, perturbations are shown on the minimum B,
surface, and 1.5 R above the minimum B, surface. Blue
vertical lines indicate the times the DFs were observed at the
given radial distances, and the dashed black lines indicate
Pi2 and substorm onset.
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Figure 11. Perturbed variables (a) §v| and (b) §v, plotted in the same format as Figure 9.

earthward flow channels and rebound flows located outside
of the MLT region. Fluctuations in §v, are well correlated
with fluctuations in §Bg. The line plots at the bottom of
Figure 11b show that the amplitude of the fluctuations in §v,
decreases by more than 50% as the disturbances move earth-
ward from —12 to —8 Rg. The fluctuations in §v, associated
with the DF at onset agree very well with the duration of
the Pi2 observed on the ground, and the fluctuations earlier
in the simulation agree well with the timing of the first drop
and the first minimum in the AL index (Figure 2).

6. Discussion

[31] Previous studies have used satellite measurements
to investigate the origin of Pi2 pulsations and build
models to describe how they are generated. The benefits of
using a global MHD simulation to investigate the relation-
ship between the DFs and the Pi2 pulsations is that we can
examine the entire region where the bursty flows, DFs and
Pi2 pulsations are present rather than using data from single
points in space. This allows us to identify possible source
regions and to track the evolution of the pulsations as they
move through the simulation.

[32] In order for the pulsations observed at —6 Ry to
propagate earthward to drive the Pi2 at lower L shells,
the azimuthal scale size must be large. Using the simula-
tion results, we have taken several MLT bins and examined
the coherence between them. Figure 12 shows the per-
turbations in Br in 15 min MLT bins between 2330 and
0145 MLT on the surface 1.5 Ry above the center of the
plasma sheet for the interval 1730-1900 UT. The panels
show the MLT bins (Figure 12a) 2330-2345, (Figure 12b)
2345-0000, (Figure 12¢) 0000-0015, (Figure 12d) 0015—
0030, (Figure 12e) 0030-0045, (Figure 12f) 0045-0100,
(Figure 12g) 0100-0115, (Figure 12h) 0115-0130, and
(Figure 12i) 0130-0145 MLT. The values for coherence
between the bin 0030-0045 MLT and the other MLT bins

for the shaded intervals (1805-1813 UT and 1819-1829 UT)
range from 0.6 to 0.85 for the low end of the Pi2 spectrum
(6-11 mHz). In general, the magnetic field perturbations dur-
ing the shaded intervals on this surface show good coherence
over ~1.5 to 2 h MLT. This is consistent with a recent study
by Kwon et al. [2012] which show high coherence if the
signals (multiple satellites and ground-based observations)
are within 3 h MLT of each other. However, although we
see coherence across several MLT bins above the center of
the plasma sheet during the expansion phase of the sub-
storm (1819-1829 UT), and the waveforms at —6 Ry in the
simulated magnetic pressure look very much like the obser-
vations, we only see coherence across ~1 h of MLT near the
center of the plasma sheet. Therefore, it is difficult to deter-
mine a direct causal relationship between the pulsations we
observe in the simulation and the midlatitude observations
by Urumgqi magnetometer, and higher latitude Pi2 obser-
vations are unavailable for this event. We can, however,
use the ground observations for a timing comparison with
the simulation.

[33] Based on Figures 8, 9, and 11, the simulation shows
Pi2 period pulsations at —6 R prior to ~1823 UT. This is in
contrast to the observations which only show Pi2 pulsations
after 1823 UT. There is a short (~10 min) burst of weak Pi2
pulsations just after 1730 UT in the observations that may be
related to the earlier DFs observed in the simulation and the
first drop in AL, but there is nothing in the observations that
could correspond to the fluctuations between 1755 and 1805
UT in the simulation. One reason for the discrepancy may be
that the DFs were in the wrong local time for the Pi2 to be
observed by the Urumgqi station. This may be especially true
for the DF burst at 1755—-1805 UT which was predominantly
on the duskside while Urumgqi was on the dawnside at ~0200
MLT. Another possibility is that the fluctuations observed at
—6 R in the simulation prior to onset are not able to propa-
gate earthward to be observed at lower latitudes. Due to the
lack of an inner magnetosphere/plasmasphere model in the
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Figure 12. Perturbations in By at -6 Ry and 1.5 Ry above the plasma sheet in the MLT bins (a)
2330-2345, (b) 2345-0000, (c) 0000-0015, (d) 0015-0030, (e) 0030-0045, (f) 0045-0100, (g) 0100-
0115, (h) 0115-0130, and (i) 0130-0145 MLT. The shading indicates MLT bins which have good
coherence to the bin at 0030-0045 MLT in the perturbations related to the DFs observed during the first
minimum in AL (1085-1813 UT) and at onset (1819-1929 UT).

MHD simulation, we are not able to investigate the propa-
gation of Pi2 to lower latitudes and we leave this topic for
future research.

[34] Focusing on the perturbations at substorm onset,
Figure 9b shows that perturbations with Pi2 periods are
present in the 8Py, from —6 to —14 Ry between ~1815
and 1845 UT, when the burst of DFs was observed near the
time of onset. During this interval, the simulation shows at
least six individual DFs of varied intensities which form and
travel earthward within a time span of ~30 min at locations
between ~2230 and 0130 MLT. The pressure fluctuations
may be initiated by the passage of the strong DF and then
amplified by the succeeding DFs. The fluctuations in pres-
sure can also be identified in Figure 7 as the perturbations
in the thermal pressure contours (gray contours) surrounding
the flow channel as the DF travels earthward. There is also
a tailward displacement of the pressure contours associated
with the tailward flows on either side of the flow channel.
Each time a new DF enters the region, a new indentation
in the pressure contours forms and migrates toward either
flank. During active periods in the simulation, several of
these indentations can be observed on each of the pressure
contours. The perturbations in the pressure near the center of
the plasma sheet (see Figures 10a, 10c, and 10¢) following
the arrival of the DFs may be related to the fast-mode wave
which propagates into the inner magnetosphere to generate
low-latitude to midlatitude Pi2. We also observe earthward
velocity perturbations all the way in to -6 Ry (Figure 11b)
that are related to the fluctuations in the pressure which
agrees well with the directly driven category of Pi2 [Kepko
etal.,2001].

[35] Each time a bursty flow and its associated DF travel
earthward in the simulation, the flows at the earthward edge

of the DF are diverted to either side of the flow channel.
As the flows are diverted, they interact with the background
flows and neighboring flow channels which cause further
diversion. In many cases, the flows eventually turn tailward.
The tailward flows then interact with subsequent earthward
flows to create flow perturbations and vortices. The result-
ing vortices can be seen in the velocity vectors in Figure 7b.
As the DFs reach the inner magnetosphere, we begin to see
tailward flows to either side of the initial earthward flow
channel. The interactions become more pronounced during
the intervals of intense activity due to the fact that there are
several DFs which travel earthward in a short amount of time
during this period. Velocity fluctuations intensify each time
a new DF passes through the region (highlighted in gray)
indicating that the DFs may act to enhance the existing per-
turbations bringing them above the ambient noise levels in
the region (see Figure 11). There are also velocity perturba-
tions associated with DFs outside the selected MLT region
(dashed gray boxes in Figure 11) which result from the inter-
actions between the various flow channels. As discussed in
the previous section, each of the intervals corresponds to a
period when there are large fluctuations in the AL index (see
Figure 2).

[36] In Figure 8c, there is a steady boundary in the field
at —7.5 R until 1805 UT when a DF enters the region and
causes the boundary to distort slightly. Before the braking
region has time to recover, another strong DF penetrates to
~ —6.5 Ry at 1823 UT and distorts the braking region fur-
ther. Only after the braking region is distorted do we have
Pi2 period fluctuations in §B, inside —7 Rg. The timing and
duration of the interval when Pi2 period perturbations in § B,
are observed inside —7 Rz (1830-1845 UT), associated with
the DF at 1815-1824 UT in the simulation, agrees well with
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expansion phase of the substorm and with the duration of the
second packet of Pi2 (1840-1855 UT) in the ground-based
observations. In addition, the perturbations in vy, associated
with the DFs at 1830 to 1855 UT are observed at —6 Ry and
may be related to the inertial current (IC) Pi2s described by
Kepko et al. [2001]. IC Pi2 appears to be generated by the
vortices formed through interactions between the flows and
rebound flows associated with the successive DFs as they
enter the near-Earth region. However, the velocity perturba-
tions are quickly damped earthward of ~ —7 Ry except for
during the intervals when a strong DF has disrupted the steep
pressure and magnetic field gradients in the braking region.

7. Summary

[37] In order to better understand generation of Pi2 and
how they are associated with substorm dynamics, we need a
global view of the magnetosphere. We have investigated the
generation of Pi2 waves in the tail by DFs propagating earth-
ward from a near-Earth neutral line by analyzing a global
MHD simulation of a substorm event on 14 September 2004.
Because global MHD simulations provide estimates of the
critical parameters throughout the inner magnetosphere, they
are valuable tools for studying such processes as the gen-
eration of Pi2 and determining how they link to earthward
propagating dipolarization fronts. The sequence of events in
the simulations is similar to that inferred from observations
by the Double Star, and IMAGE spacecraft, and the varia-
tions of the AL index, indicating that the simulation has done
a reasonable job of reproducing the state of the magneto-
tail for this event. The substorm begins at ~1828 UT and
is preceded by an interval of enhanced but variable convec-
tion. Both the initial period and the substorm have multiple
DFs which lead to vorticity. The DFs observed in the sim-
ulation are very localized with an azimuthal extent on the
order of 1-2 Rg. Several dipolarization fronts have been
identified in the simulation and are linked to Pi2 frequency
fluctuations in the magnetic field, velocity, and pressure
inside —13 Rg, but not all of the flows make it into the
inner magnetosphere to generate Pi2 pulsations inside the
braking region.

[38] Considering the Pi2 period fluctuations outside the
braking region, there is good agreement between observa-
tions by TC1 and fluctuations in the simulation at a location
similar to that of TC1. We cannot draw a direct relation-
ship between the Urumgqi observations and the pulsations
inside the braking region in the simulation since the pul-
sations near the plasma sheet are only coherent over about
1 h of MLT. However, we have shown good agreement in
the relative timing of the Pi2 pulsations when comparing
the observations and the simulation. The timing and location
of dipolarization fronts and Pi2 pulsations in the simulation
lead us to believe that the Pi2 waves are generated by the
DFs in agreement with several models developed to explain
observations [e.g., Kepko et al., 2001, 2004].

[39] Our main conclusions can be summarized as follows:
(1) Dipolarization fronts create perturbations in B, which
have periods in the Pi2 range, but the perturbations quickly
damp unless there are subsequent DFs to keep the oscilla-
tions going. (2) There are Pi2 period perturbations in the
total pressure, and By at ~ —6 to —12 Ry following the DFs
observed at onset. The Pi2 period pulsations in both total

pressure and By at —6 Ry beginning shortly before Pi2 onset
in the observations agree well with ground-based obser-
vations. (3) Pulsations with periods within the Pi2 range
are observed in the velocity components inside ~—13 Rg
throughout the simulation and are enhanced directly follow-
ing the passage of each flow burst observed when we look at
the region 0015-0115 MLT. It appears that the compression
and rebound of the BBFs and their associated DFs as they
approach the braking region produce the Pi2 signatures in
agreement with Kepko et al. [2001]. (4) The DFs in the sim-
ulation between 1715 and 1820 UT all stop tailward of —7.5
Rg without causing serious disruption to the braking region,
and the magnetic field perturbations associated with them are
quickly damped. The fluctuations inside the braking region
appear to be driven by perturbations in total pressure, Bg,
Vpa, and vy associated with the BBFs even though the B.
signatures dissipate tailward of the braking region.
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